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h i g h l i g h t s
 N2O emission from photobioreactors treating swine digestate efﬂuent was assessed.
 Microalgae stimulated nitriﬁcation and CH4 removal.
 Low carbon to nitrogen ratio induced incomplete heterotrophic denitriﬁcation.
 Signiﬁcant N2O emission was linked to N metabolism in Chlorella sp.
 Closed photobioreactor mitigates greenhouse gas emissions.a r t i c l e i n f o
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This study investigated the interactions between naturally occurring bacteria and the microalgae
Chlorella vulgaris within a lab scale photobioreactor treating ammonia-rich swine wastewater digestate
efﬂuent. Nitriﬁcation and denitriﬁcation were assessed by targeting ammonia monoxygenases (amoA),
nitrate (narG), nitrite (nirS), nitric oxide (norB) and nitrous oxide (nosZ) reductases genes. Oxygen pro-
duced from microalgae photosynthesis stimulated nitriﬁcation. Under limiting carbon availability (i.e.,
<1.44 for mg TOC/mg NO2-N and 1.72 for mg TOC/mg NO3–N), incomplete denitriﬁcation led to accumu-
lation of NO2 and NO3. Signiﬁcant N2O emission (up to 118 lg N2O–N) was linked to NO2 metabolism in
Chlorella. The addition of acetate as external carbon source recovered heterotrophic denitriﬁcation activ-
ity suppressing N2O emission. Efﬂuent methane concentrations trapped within photobioreactor was
removed concomitantly with ammonia. Overall, closed photobioreactors can be built to effectively
remove nitrogen and mitigate simultaneously greenhouse gases emissions that would occur otherwise
in open microalgae-based wastewater treatment systems.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
While the sustainability of large-scale production of biofuels
from algae is debatable particularly due to water, energy and nutri-
ents requirements, the use of nutrient-rich wastewaters could be
utilized to minimize these constrains (Clarens et al., 2010). There-
fore, wastewaters from agribusiness have been widely explored as
a promising alternative fertilizer for microalgae cultivation. From
the remediation perspective, the cultivation of microalgae serves
as a polishing step to remove nutrients downstream from primaryand secondary wastewater treatment processes thus minimizing
problems associated with disposal of untreated efﬂuents in the
environment that may result on soil contamination, water eutro-
phication and/or greenhouse gas emissions (Aneja et al., 2008).
Technologies for microalgae biomass production and removal of
nutrients from swine wastewater have been reported for open and
closed systems (Molinuevo-Salces et al., 2010). Both conﬁgurations
are capable to efﬁciently remove ammonium and phosphorus from
efﬂuent (Molinuevo-Salces et al., 2010). The association of
naturally occurring bacteria present in swine wastewater together
with microalgae can further optimize nutrient removal efﬁciency
because of many important synergisms that include N and P assim-
ilation into algae-bacterial biomass (Molinuevo-Salces et al., 2010;
Hernández et al., 2013) and the stimulation of nitriﬁcation activity
due to increased oxygen-derived photosynthesis (Fagerstone et al.,
2011; Harter et al., 2013). However, microalgae cultivation may
contribute to N2O production (Fagerstone et al., 2011) and impair
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emissions (Clarens et al., 2010; Ferrón et al., 2012). Therefore,
elucidating N dynamics in non-sterile microalgae based wastewa-
ter systems can contribute to current knowledge on biological N2O
emission potential and its associated environmental implications.
The objective of this work was to asses N2O emission potential
from a non-sterile batch photobioreactor treating ammonia-rich
swine wastewater digestate. Emphasis was placed on characteriz-
ing changes in bacterial community structure over time based on
the concentration of dominant catabolic nitrifying and denitrifying
bacteria genes known to play a crucial role on N metabolism.2. Methods
2.1. Photobioreactor
A non-sterile 9-L glass bottle reactor was utilized as photobior-
eactor. Efﬂuent from a ﬁeld scale UASB biodigestor treating swine
wastewater at EMBRAPA (Concórdia, SC, Brazil) was utilized as
source of nutrients to promote the growth of both bacteria and
microalgae. The efﬂuent characteristics (g L1) were: pH 7.9, total
solids (3–8), total organic carbon (1.5–6.5), BOD5 (2.5–4.5), CaCO3
alkalinity (5–8), total nitrogen (1.5–2), ammonia-N (0.9–1.5). Mic-
roalgae inoculum was obtained directly from facultative open
ponds treating efﬂuent from biodigestor at EMBRAPA wastewater
treatment facility. Whereas, sterile conditions in photobioreactor
can be quite challenging to maintain, non-sterile batch photobior-
eactor was considered to better mimic conditions that are likely to
prevail at scale up applications. Photobioreactors were fed with
non-sterile 20% v/v swine wastewater digestate efﬂuent and inoc-
ulated with 30% v/v (280 mg L1 biomass dry weight) microalgae
Chlorella vulgaris. Gravimetric assays were utilized to measure bio-
mass dry weight. Cell suspensions were ﬁltered on a 0.45 lm cel-
lulose acetate ﬁlter and let dry at 105 C for 24 h. Reactors were
sealed with rubber stoppers and maintained at room temperature
(22 ± 2 C) under continuous magnetic stirrer agitation. A photope-
riod of 12 h was achieved utilizing two 40W white ﬂuorescent
lamps (44.8 lmol m2 s1).2.2. Microalgae identiﬁcation
Microalgae samples were observed under 1000 magniﬁcation
using an optical light microscope (Zeiss A10 – Scope A1, Den-
mark). 16S rRNA gene sequencing analyses were further conducted
to aid microalgae identiﬁcation. DNA was extracted with the Mo-
Bio UltraClean Microbial DNA isolation kit according to manufac-
turer’s instructions (MoBio Laboratories, Solana Beach, CA). PCR
ampliﬁcation of the 16S rRNA gene fragments was performed in
reactions containing contained 500 nmol of each universal primer
(1055F 50-ATGGCTGTCGTCAGCT-30 and 1392R 50-ACGGGCGGTG
TGTAC-30 primers (Ferris et al., 1996), 2 PCR Master mix (Ludwig
Biotec, Brazil) and DNA template obtained from the consortium.
Thermocycler conditions were: denaturation at 95 C for 5 min, fol-
lowed by 40 cycles of 95 C for 15 s, annealing at 53 C for 15 s and
a ﬁnal extension step at 72 C for 40 s. PCR products were puriﬁed
with PureLink PCR Puriﬁcation Kit (Invitrogen) and cloned into
pGEMT Easy Vector Systems (Promega) according to manufac-
turer’s protocols. Cloned samples were inserted into Escherichia coli
DH5a (Invitrogen) using heat shock and plated on selective Luria-
Bertani (LB) medium. Colonies containing plasmids with insert
were selected for sequencing and grown overnight in LB medium.
Plasmids were isolated from the cultures with PureLink Quick
Plasmid Miniprep Kit and DNA concentration and purity quantiﬁed
by spectrophotometric analysis (Nanodrop). DNA sequencing was
performed using 300–500 ng of DNA containing BigDye Termina-tor v3.1 Cycle Sequencing Kit (Applied Biosystems) and 2 lM M13
primers. Sequencing products were puriﬁed with isopropanol/eth-
anol precipitation method prior to analysis (ABI Prism 3130 Avant
sequencer, Applied Biosystems). Trimmed sequences were aligned
using Ribosomal Database Project (RDP) Infernal Aligner tool.
Sequences were compared to each other using BLASTn
(www.blast.ncbi.nlm.nih.gov).
2.3. Gas sampling and analysis
pH (pH–mV, Hanna Instruments, Inc.), temperature and
dissolved oxygen (DO) (55, YSI Inc.) were measured daily using
portable instruments. No signiﬁcant variation in culture pH was
observed among the experimental replicates (8.2 ± 0.5 pH units).
Potentiometric analysis using a selective electrode method was
used to measure ammonia (NH3-N) (APHA et al., 1995). Nitrite
(NO2 -N) and nitrate (NO

3 -N) concentrations were determined by
ﬂow injection analysis system (FIAlab – 2500). Total organic
carbon was measured by TOC analyzer (Multi C/N 2100, Analytik
Jena). All experiments were conducted in triplicate unless
otherwise noticed.
Headspace gas samples were continuously monitored utilizing
a closed loop photoacoustic infrared gas analyzer (INNOVA 1412,
Lumasense Technologies, Denmark). The mass of CH4-C, NH3-N,
and N2O-N were calculated as:
M ¼ ðC MWR  P  VÞ=ðR TÞ:
where M is the mass of a particular gas in the headspace of the
photobioreactor (lg); C is the measured concentration of individual
gas (lmol mol1); MWR is the molecular weight ratio for each par-
ticular gas (12 lg C lmol1 for CH4; 14 lg N lmol1 for NH3; or
28 lg N lmol1 for N2O); P is partial gas pressure for individual
gas (atm.); V is the volume of reactor headspace (0.36 L); R is the
ideal gas constant (0.0821 atm. L mol1 K1); and T is the gas tem-
perature in Kelvin.
2.4. Microalgae growth rate
Microalgae growth rate was estimated based on the quantiﬁca-
tion of chlorophyll a measured by methanol extraction procedures
according to Porra et al. (1989). Brieﬂy, 1.5 mL samples were cen-
trifuged at 5000g for 5 min and the cell pellet resuspended in
1.5 mL methanol, vortexed and stored overnight in the dark at
4 C. Optical density of the green supernatant was measured at
two wavelengths, 652 and 665 nm. Chlorophyll a content was cal-
culated using the equation:
Chl a ðlg L1Þ ¼ ð16:29 OD665Þ  ð8:54 OD652Þ:
Microalgae speciﬁc growth rate was estimated by exponential
regression analysis:
l ðday1Þ ¼ ðlnX= lnX0Þ=t:
where t was the time between measurements, X0 and X were the
concentrations of chlorophyll a (mg L1) at initial time (t0) and after
n days tn, respectively.
2.5. Real-time quantitative PCR
Real time PCR (qPCR) analyses were used to quantify the con-
centration of speciﬁc catabolic genes linked to nitriﬁcation and
denitriﬁcation. Information was also utilized to correlate temporal
changes in photobioreactor geochemical conditions with dominant
bacterial community structures over time. Total bacteria (16S
rDNA), nitrifying bacteria encoding for the ammonia monoxygen-
ase (amoA) and denitrifying bacteria encoding for the nitrate
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M.P. Mezzari et al. / Bioresource Technology 149 (2013) 327–332 329(narG), nitrite (nirS), nitric oxide (norB) and nitrous oxide (nosZ)
reductases genes were estimated. Primers and PCR conditions were
previously described (Angnes et al., 2013). Speciﬁc PCR primers
and thermocycler conditions were used to verify the presence of
norB gene (Braker and Tiedje, 2003). DNA was extracted using Mo-
Bio UltraClean Microbial DNA kit according to manufacturer’s
instructions. Standard curves were prepared by serial dilutions of
either the ampliﬁed genomic DNA (16S rDNA) or plasmids contain-
ing cloned target sequences (amoA, narG, nirS, nosZ). DNA from
E. coli (ATCC 35218) was utilized as standard for 16S rDNA quanti-
ﬁcation. For cloning, ampliﬁed target fragments were inserted into
pCR 2.1-TOPO vector (Invitrogen, USA) and transformed into
DH5a E. coli competent cells (Sambrook and Russel, 2001). Clones
were grown in LB medium plates supplemented with ampicillin
(100 mg mL1). Plasmidial DNA from positive colonies was
extracted by alkaline method (Sambrook and Russel, 2001). The
presence of the inserted sequence in plasmid DNA was conﬁrmed
by conventional PCR as described by Chon et al. (2011). DNA and
plasmid concentrations were measured using a Nano-drop spec-
trophotometer (Thermo Fisher Scientiﬁc Inc., USA). qPCR reaction
mixtures contained 2 qPCR-SYBR-Green mix (Ludwig Biotec,
Brazil), 500 nM forward and reverse primers (Prodimol Biotecnolo-
gia, Brazil), sterile DNase-free water (Ludwig Biotec, Brazil) and
2 lL DNA sample. qPCR analyses were performed utilizing a Rotor
Gene 6000 (Corbett Research, NSW, Australia).
Gene copy numbers for each sample was estimated based on
the equation:
Gene copy numbers lL1 ¼ ðlg DNA lL1=Mbp genome1Þ
 ð9:1257 1014 bp=lg DNAÞ
 ðgene copies=genomeÞ:
This equation assumes the size of the bacterial genome base pair
(bp) used as the standard in the calibration curves (bp)
(www.genomesonline.org) and there are approximately 9.1  1014
bp g1 of DNA and one gene copy number per genome. Detection
limit was P101 gene copies lL1.
2.6. Correlation analysis
Determination of signiﬁcant correlations was evaluated utiliz-
ing Pearson’s correlation coefﬁcient (p) and the software SigmaPlot
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Fig. 1. (A) Chlorophyll a and dissolved oxygen concentration proﬁles over time
within the photobioreactor. Microalgae growth rate (l) was estimated based on
quantiﬁcation of Chlorophyll a during exponential phase. (B) Nitrate and nitrite
concentration proﬁles. (C) Headspace NH3 and N2O concentration proﬁles over time
from two independent photobioreactors. Bars indicate standard deviation from the
mean (n = 3).3. Results and discussion
3.1. Microalgae growth in mixotrophic photobioreactor
Different reactor conﬁgurations have been used to cultivate
microalgae, including batch, fed-batch, and/or continuous
operation mode. In this work, stirred batch reactors were utilized
because of their operational simplicity. Most importantly, how-
ever, biological kinetic parameters obtained from a batch experi-
ment can be well deﬁned to successfully simulate microalgae
growth and nutrients removal in continuous wastewater treat-
ment systems (Ruiz et al., 2013). Thus it can be anticipated that
data obtained from this experimental set up can further contribute
to modeling parameters to infer on N2O emission potential and its
associated impacts on life cycle assessments for long term waste-
water systems based on microalgae culturing.
Microalgae were morphologically identiﬁed as Chlorella-like
species. Further investigations using 16S rRNA gene sequencing
analysis revealed 99% similarity with chloroplast of C. vulgaris. This
microalgae strain is known for its environmental ubiquity and
inherent biofuel production capacity (Feng et al., 2011). Theobtained speciﬁc exponential growth rate (l) of 0.06 h1 (Fig. 1A)
was within typical values reported for Chlorella sp. growth in swine
wastewaters (i.e., 0.004 and 0.05 h1) (Ji et al., 2013).
DO concentration increased over time as result of proliferation
of microalgae biomass and their associated photosynthetic activity
(Fig. 1A). During light cycles DO levels remained above 4 mg O2 L1
even at the beginning of the experiment where microalgae concen-
tration was relatively low. During dark periods, however, oxygen
was rapidly consumed by bacteria during the biodegradation of or-
ganic compounds leading to microaerophilic conditions (60.15 mg
O2 L1). Following 48 h of experiment, DO concentrations exceeded
solubility levels (Fig. 1A).
3.2. Ammonia removal
Approximately 15% of the global ammonia emissions are
associated to swine production, which represents an intermediate
emission factor when compared to other livestock species
(Philippe et al., 2011; Blanes-Vidal et al., 2012). During
Table 1
Correlations between speciﬁc catabolic denitriﬁcation genes and ammonia, nitrate,
nitrite, and N2O concentrations.
N2O NH3 NO2 NO3
r p r p r p r p
narG 0.622 0.099 0.337 0.414 0.465 0.245 0.791 0.019a
nosZ 0.852 0.007a 0.333 0.421 0.728 0.041a 0.692 0.057
N2O 0.601 0.115 0.861 0.006a 0.907 0.002a
NH3 0.768 0.026a 0.656 0.078
a Denotes signiﬁcant correlation (p < 0.05).
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concentrations and pH values are increased, thereby endorsing
the risk of ammonia loss during storage and/or soil application
(Möller and Stinner, 2009).
Aerobic conditions promoted by the microalgae growth en-
hanced nitriﬁcation (Fig. 2). Nitriﬁcation was assessed by targeting
the amoA gene, which encodes the a-subunit of ammonia monoox-
ygenase responsible for catalyzing the oxidation of ammonia to
hydroxylamine and then to nitrite (Rotthauwe et al., 1997). amoA
gene numbers increased over time from 8.4  104 gene copies
lL1 at the beginning of the experiment to 7.5  107 gene copies
lL1 at 62 h where ammonia was completely removed (Fig. 1C).
Signiﬁcant correlation was obtained for ammonia oxidation and
the accumulation of its metabolite nitrite (p = 0.026) (Table 1).
Denitriﬁcation activity was discerned from other nitrate-reduc-
ing bioprocess by targeting denitrifying speciﬁc nirS gene that en-
codes for nitrite reductases involved in the reduction of nitrite to
NO3, NO, and N2O. nirS gene copy numbers increased from 101
gene copies lL1 at the beginning of the experiment to 2.4  106
gene copies lL1 at 48 h (Fig. 4).
Nitrate accumulation induced the growth of bacteria harboring
narG gene that encodes nitrate-reductase involved in the reduction
of nitrate into nitrite by facultative bacteria (Henry et al., 2004).
Signiﬁcant correlation between nitrate and narG was observed
(p < 0.02) (Table 1).
The presence of efﬂuent methane concentration above its
solubility levels (i.e., >24 mg L1 at 25 C and 1 atm.) implies that
emissions are expected in open systems. Within conﬁned photobi-
oreactor, entrapped methane concentrations decreased over time
(Fig. 4) concomitantly to nitriﬁcation process (correlation of
p < 0.001; data not shown). This was plausibly due to stimulation
of methanotrophic activity (van der Ha et al., 2011) as suggested
by the increasing concentrations of amoA, which is a known gene
that encompasses a broad range of substrates including methane
monooxygenase (pMMO) from methanotrophs (Rotthauwe et al.,
1997).
3.3. N2O emissions by bacteria
Over the past decade, N2O emissions mitigation has become an
important part of biological wastewater treatment processes and
more recently to microalgae culturing systems (Fagerstone et al.,
2011; Ferrón et al., 2012; Harter et al., 2013). In this study, N2O
peak concentrations within photobioreactors ranged from 18 to
118 lg N (Figs. 1 and 2). The amount of N2O production in biolog-
ical systems is variable and dependent on many parametersTime (h)
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Fig. 2. Variation in total organic carbon to nitrate or nitrate ratios (TOC/N-NO3 or
N-NO2) over time and its effects on N2O production. Arrow indicates the addition of
acetate as external carbon source.
0 16 24 40 48 69 72 96
800 bp
300 bp
100 bp
norB
Time (h) B
Fig. 4. (A) Total bacteria (16S rDNA), ammonia-oxidase (amoA), nitrate- (narG),
nitrite- (nirS) and nitrous oxide- (nosZ) reductases genes concentration proﬁle over
time within the photobioreactor. Bars indicate standard deviation from the mean
(n = 2). (B) Agarose gel electrophoresis showing PCR ampliﬁed fragment of 389 base
pairs (bp) corresponding to norB (arrow). Primer set cnorB 2F-6R (Braker and Tiedje,
2003). DNA ladder of 100 bp.including DO, nitrite and nitrate concentrations (Saggar et al.,
2012) as well as the concentration of bioavailable carbon to sustain
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Thus, variations in N2O peak concentrations observed among inde-
pendent photobioreactors experiments could be explained by the
small changes in digestate efﬂuent characteristics which are difﬁ-
cult to control at ﬁeld scale.
From theoretical perspective, acetate to nitrogen ratios (mg/mg)
of 1.71 and 2.86 for NO2 and NO3, respectively, are required for
complete denitriﬁcation to N2 (Akunna et al., 1993). Experimen-
tally, however, higher ratios are expected (2.0–2.8 for NO2 and
3.7–4.1 for NO3 ) due to unaccounted C balance needed for cell syn-
thesis. At 144 h of experiment, measured mg TOC/mg-TN ratios
were below theoretical values [i.e., 1.44 and 1.72 for NO2 and
NO3 , respectively (Fig. 2)], which supports incomplete heterotro-
phic denitriﬁcation and potential N2O production. Concomitantly
with the beginning of N2O emission, nirS copy numbers decreased
from 2.4  106 at 48 h to 101 copies lL1 at 69 h further corrobo-
rating with the inhibition of denitrifying population (Figs. 1 and
3). To verify the effects of low TOC/N ratio on incomplete hetero-
trophic denitriﬁcation, acetate was added as an external carbon
source after 168 h of experiment when N2O reached a peak of
18 lg N-N2O (Fig. 2). The addition of acetate increased TOC/N ratio
from 1.44 to 3.46 for NO2 and 1.72 to 4.47 for NO

3 and resulted on
immediate removal of N2O (Fig. 2).
The concentration of norB gene that encodes nitric oxide reduc-
tase (NOR) responsible for NO reduction to N2O (Spiro, 2012) was
below qPCR detection limit (P101 gene copy lL1). Nonetheless,
the presence of norB gene was observed for all samples tested
throughout the experimental time frame as indicated by the weak
ampliﬁcation targeted-speciﬁc PCR products in agarose gel
(Fig. 4B).
The last step in denitriﬁcation metabolism involves the reduc-
tion of N2O to N2 by nitrous oxide reductase encoded by the consti-
tutive nosZ gene (Scala et al., 1998). Signiﬁcant correlation between
nosZ gene and its metabolic substrate N2O concentration was ob-
served (n = 8; r = 0.85; p = 0.007) (Table 1). The usefulness of
molecular biology as alternative or complimentary method to infer
on N emissions is particularly relevant considering that data collec-
tion from open systems is technically difﬁcult (Morales et al.,
2010). Thus, quantifying the abundance of denitrifying catabolic
genes that controls the natural production of N2O (Angnes et al.,
2013) could contribute to existing gas ﬂux models (Morales
et al., 2010; Bouskill et al., 2012) ultimately reﬁning predictions
on gaseous N emissions. Further investigations are required,
however, to validate qPCR accuracy and reliability to satisfactorily
predict N2O emissions for a wide range of biological systems.
3.4. N2O emissions by Chlorella sp.
The absence of quantiﬁable norB genes implied that bacteria
were not the major source of N2O emission within photobioreac-
tors. Thus, considering that microalgae may also produce N2O
(Fagerstone et al., 2011; Ferrón et al., 2012; Harter et al., 2013)
N2O emission was particularly attributed to N metabolism in
Chlorella (Guieysse et al., 2013). The accumulated nitrite could
serve as substrate to nitrate-reductase (NR) that reduces nitrite
to nitric oxide (NO) and latter to N2O (Guieysse et al., 2013).
Alternatively, NR may reduce nitrite to nitroxyl (HNO), the latter
being known to dimerize to N2O (Guieysse et al., 2013). In the pres-
ence of nitrite (but not ammonium or nitrate), N2O production by
C. vulgaris is induced by light but inhibited in dark conditions
(Guieysse et al., 2013). This could explain the ﬂuctuations in N2O
concentrations observed during light and dark cycles (Fig. 1C).
Under light conditions and high oxygen concentrations, a decrease
in N2O concentration was probably associated with the presence
nosZ harboring aerobic denitriﬁers that are ubiquitous in piggery
wastewaters and known to reduce N2O in preference to nitrite asdenitriﬁcation substrate (Miyahara et al., 2010). This assumption
was supported by the signiﬁcant correlation encountered between
the constitutive nosZ gene with N2O concentrations (Table 1).
As previously discussed, N2O production ceased after the
addition of external carbon source, suggesting that heterotrophic
denitriﬁcation may outcompete Chlorella for nitrite. Therefore,
photobioreactor’s operational conditions can be managed accord-
ingly to control N2O emissions while effectively removing efﬂuent
nitrogen to acceptable levels. This could be accomplished by con-
trolling substrate carbon requirements (e.g., diluted efﬂuent diges-
tat rich in organic matter) to maintain desirable TOC/N for
complete denitriﬁcation.
N balance was calculated by subtracting initial and ﬁnal
concentrations (DN) of N-NH3, N-NH4, N-NO2, N-NO3, N-N2O, and
N-biomass. After 96 h of experiment, NH4-N removal efﬁciency of
45.2% was achieved. Bacteria N assimilation accounted for <1%
assuming the measured gene copies  cell dry weight of
1.33  1013 g cell1 (Bratbak and Dundas, 1984)  N fraction in
cell composition (C5H7O2N; Schnoor, 1996). Microalgae N assimila-
tion accounted for 3.6% assuming the measured biomass dry
weight  N fraction in cell composition (C106H263O110N16P;
Schnoor, 1996). Total N loss of 27.9% was likely attributed to unac-
counted NO and N2 as suggested by the presence of signiﬁcant con-
centrations of nirS (but negligible norB) and nosZ genes,
respectively, throughout the experiment time frame. Further stud-
ies utilizing N-labeled species are warrant, however, to establish a
more reliable N mass balance without signiﬁcant uncertainties.4. Conclusions
Oxygen-derived photosynthesis stimulated aerobic conditions
and nitriﬁcation. Biodegradation of bioavailable carbon contrib-
uted to low TOC/TNOx ratios and inhibition of heterotrophic deni-
triﬁcation. Signiﬁcant N2O production was attributed to nitrite
accumulation and its metabolism by C. vulgaris. In the presence
of sufﬁcient carbon, however, denitriﬁcation can outcompete C.
vulgaris for nitrite thus preventing N2O emission. In a nutshell,
N2O mitigation from microalgae-based wastewater treatment sys-
tems is desirable to avoid life cycle implications that could com-
promise the future of expanding microalgae cultivation
approaches.
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